ABSTRACT The bearingless induction motor (BIM) system has the characteristics of non-linear, strongly coupled, and highly accurate. To achieve the stable and accurate control of BIM, the methods of direct torque control (DTC) and direct suspension force control (DSFC) based on space vector modulation (SVM) are introduced first. However, the dynamic performance and uncertain anti-jamming robustness of the system need to be further researched. Based on the BIM control system, the active disturbance rejection control (ADRC) technology is selected in this paper. The total disturbance of the system is estimated in real time by using the extended state observer (ESO). According to the estimated value of the ESO, the disturbance can be compensated by the ADRC in time to eliminate the steady-state tracking error to achieve good anti-interference performance. The ADRC-based direct torque and suspension force control system for the BIM is designed and simulated by the MATLAB software. The simulation and experiment results show that the ADRC technology can effectively suppress the impact of load disturbance, reduce the overshoot, and have strong robustness.
I. INTRODUCTION
With the advancement of technology and the requirement of modern industrial production, the performance requirements of high-speed, ultra-high-speed and high-power electric drive systems are receiving more and more attention [1] - [3] . To achieve the reliable operation of the motor at high speed and ultra-high-speed, the support of the rotor is the first problem to be solved. High-speed motors generally use airbearing, liquid-bearing or magnetic-bearing. Air-bearing and liquid-bearing are equipped with special air pressure and hydraulic system, resulting in complex structure, high energy consumption and low efficiency of the motor system [4] .
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In recent years, the developed magnetic bearings have a series of excellent qualities such as no friction, no lubrication, high speed and long life [5] , [6] . However, due to the complicated structure of the magnetic bearing and the limitation of its critical speed and output power, the miniaturization and wide application of the magnetic bearing in the high speed motor are affected. The theory of bearingless motor is put forward in [7] . Bearingless motor is the major innovation in the field of motor and magnetic bearing research. This type of motor overcomes the shortcomings of magnetic bearings, maintains the advantages of magnetic bearings, increases critical speed and power, and fundamentally changes the structure and control of conventional motors [8] - [10] . Bearingless induction motor (BIM) has the characteristics of simple structure, high mechanical strength and low cost. It can realize high-speed and ultra-high-speed operation, which has wide application prospects [11] .
BIM has a complex electromagnetic relationship. The air gap flux linkage is not only coupled to the torque subsystem, but also coupled to the suspension control subsystem [12] , [13] . Therefore, the decoupling between the suspension force and torque is a prerequisite for the stable operation of the BIM [14] . Because BIM is a multi-variable, non-linear and strong coupling controlled object, there are various control methods. The classical control methods mainly include the vector control, direct torque control (DTC) and so on [15] - [17] . The vector control technology is mature, but the dependence on the motor parameters is strong. The DTC system has a simple structure, but large torque ripple directly affects the control effect [18] , [19] . In order to overcome the above drawbacks, the DTC method based on space vector modulation (SVM) is applied to the BIM system [20] . The method of SVM-DTC combines the advantages of the vector control and DTC and optimizes the original system [21] . The advantages are that the hysteresis controller is omitted, the PID controller and the reference vector generating unit are adopted, and the SVM unit is used instead of the switch table in the basic DTC [22] . The main idea of this method is to use precise space voltage vectors to synthesize the target voltage vectors for the purpose of controlling the motor [23] .
The suspension of BIM rotor is the result of the interaction between the two magnetic fields produced by the stator torque winding and the radial suspension force winding [24] . To realize stable operation of the BIM, the electromagnetic torque and the suspension force need to be decoupled [25] - [27] . In the traditional suspension force control system, the vector control is to detect the radial displacement of the rotor and obtain the command value of the levitation force after modulation. The essence is to indirectly control the suspension force. Moreover, the calculation of rotor radial displacement using vector control is relatively complicated, and the dynamic response of the suspension force is relatively slow. Therefore, its control performance is insufficient [28] , [29] . Based on the idea of SVM-DTC, a novel direct suspension force control (DSFC) algorithm for BIM is put forward. The double closed-loop DSFC system for the radial displacement and suspension force of rotor is designed [30] . The suspension force is calculated by using the flux linkage identified online. Then, according to the difference of the suspension force, the flux linkage of the suspension force winding is directly obtained, and the corresponding suspension force is generated, which can directly control the suspension force.
The regulators in the above SVM-based DTC and DSFC control systems are typically PID controllers. Although the structure of the PID is simple and the algorithm is easy to implement, it cannot solve the contradiction between rapidity and stability, and has a certain overshoot. In addition, the dynamic performance is poor, and the robustness is not high [31] . For different control objects, the parameters need to be re-adjusted, that is, the adaptability is not strong.
Therefore, it is difficult for the PID controller to meet the needs of high speed and high precision of BIM. However, the active disturbance rejection control (ADRC) strategy can effectively remedy these shortcomings [32] . The ADRC can accurately compensate the total disturbance of the system without relying on the precise mathematical model of the controlled object. It can be applied to time-varying systems, multi-variable systems and minimum phase systems. Besides, it has strong adaptability, robustness and antiinterference [33] . Extended state observer (ESO) is a core part of the ADRC theory. The original system model is modified by using the two-channel compensation structure of the ESO, which makes the nonlinear and uncertain system approximate linearized and deterministic [34] , [35] . In this paper, the ADRC controller is used to replace the PID controller in BIM control system of DTC and DSFC, so that a novel BIM control system is constructed. The ADRC method in the BIM system can reduce the response time, the steady-state error and overshoot, which can effectively suppress the influence of load disturbance.
In this paper, The ADRC controller is applied to the direct torque and suspension force control system. The results show that the strategy can effectively improve the control performance of BIM. The paper is organized as follows. Section II deduces the mathematical model of BIM. Section III shows the design of the ADRC controller for the BIM system torque module and the suspension force module. The design of DTC and DSFC control system for BIM based on ADRC is introduced in Section IV. Section V shows the simulation and experiment of BIM control system based on ADRC, and the conclusion is given in Section VI.
II. MATHEMATICAL MODEL OF BIM
The BIM utilizes the structural similarity between magnetic bearings and AC motors, the suspension windings are added to the stator of induction motor to control the rotor suspension of the motor [36] . Therefore, the mathematical model of the radial force suspension of the BIM is introduced.
A. NOT ECCENTRIC IN THE ROTOR
Assuming that the air gap magnetic density in the motor is B, the Maxwell force acting on the surface area of the rotor can be derived from the following formula.
where µ 0 is the vacuum permeability. The components along the α-axis and β-axis directions are obtained as follows.
where l and r are the effective core length and the stator inner diameter, respectively, and ϕ is space vector angle.
The synthetic air gap magnetic density formed by BIM can be expressed as B(ϕ) = B 1 cos (P 1 ϕ +µ−ω 1 t)+B 2 cos (P 2 ϕ +λ−ω 2 t) (4) where λ and µ are the initial phase angles, respectively. The subscript 1 and 2 correspond to the torque and suspension winding, respectively. In the formula, ω is the angular frequency of current, P is the winding pole-pair number and
By substituting (4) into (2) and (3), and integrating the formulas, the component of Maxwell force in the direction of α-axis and β-axis is derived.
By the coordinate transformation of formulas (5) and (6), the Maxwell force in the synchronous rotating coordinate system can be expressed as follows.
where
, ψ 1md and ψ 1mq are the air-gap flux linkage of the torque windings, respectively, i s2d and i s2q are the suspension winding current, respectively, W 2 and W 1 the number of coils corresponding to windings, respectively, L m2 is the mutual inductance of the suspension windings.
III. ROTOR ECCENTRICITY
In the concentric rotor, the Maxwell resultant force on the rotor is zero. When the rotor eccentricity occurs, the unbalanced magnetic field in the air gap caused by the uneven air gap can produce eccentric magnetic pull force. Figure 1 shows the air gap diagram when the rotor is eccentric. In Figure 1 , g 0 is the average air gap length when the motor stator and rotor center coincide, (x 0 , y 0 ) is the center coordinate of the eccentric rotor, and e is the eccentric displacement of the rotor. Then the air gap length g(ϕ) can be expressed as a function of ϕ.
The air gap flux density of BIM rotor in balanced position is as follows.
Then when the rotor position of the motor is offset, the air gap magnetic density can be obtained as 
Substituting (11) into (1), the unbalanced magnetic pull force can be obtained when the rotor is eccentric.
In fact, since the magnetic saturation and other factors are neglected, the magnetic pull force actually experienced by the rotor is much smaller. Thus, the attenuation factor k is introduced, and the unbalanced magnetic pull acting on the rotor is actually expressed as
IV. ADRC CONTROLLER DESIGN A. SUSPENSION DIRECTION CONTROLLER
When the BIM works normally, the equation of motion of the rotor is as follows
where S x is the rotor displacement in the x-direction, δ is the external interference component, F α is the controllable suspension force in the x-direction, m is the mass of the rotor, and m is the rotor mass variation. The BIM rotor is suspended, and there is almost no friction between the stator and the rotor of the motor.
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Substituting (5) into (16), the following results can be obtained
The finishing formula can be as follows
According to ADRC theory, (18) can be transformed into
where a x is the comprehensive disturbance. When the ESO can accurately predict the disturbance a x , the suspension motion of the BIM in the x-direction is constructed as the second-order control system. Therefore, the control input of the object is obtained.
where u 0 the control output of a nonlinear combination. The typical structure of ADRC can be divided into three parts: tracking differentiator (TD), extended state observer (ESO) and nonlinear combination (NC) [37] . Figure 2 shows the x-direction motion control system of BIM. In the ADRC, where S * x is the input instruction signal. The following three parts are introduced separately.
The TD is a dynamic system. For the input instruction signal S * x , two output signals S x1 and S x2 are generated. Among them, S x1 tracks the input instruction signal S * x , and S x2 is the differential of S x1 , so that S x2 approximates the differential of input instruction signal S * x . The TD module arranges the transition process when the input signal step jumps, which effectively reduces the overshoot. The TD is designed in a nonlinear method, as shown below
where T is the step size, r is the speed factor that leads to the tracking speed, and h 0 is the filtering factor that determines the filtering effect. When the values of r and h 0 are larger, the faster the tracking input of TD is, the better the filtering effect is.
As the core element of ADRC, ESO is effective in tracking the observed state variables and their generalized differential signals, which can enhance the stability and responsiveness of the system [38] . In addition, ESO is able to estimate the external disturbance and the uncertainty part of the internal model in real time by extending the one-dimensional method. After compensating for the disturbance, the system is linearized into a series structure of the integrator, which can serve to optimize the control object. [39] , [40] . Then, ESO can be designed as follows
where β 01 , β 02 and β 03 are nonlinear gains, α 01 and α 02 are error correction gains, and α 01 is greater than α 02 .
The tracking error is utilized by the NC module to determine the output signal, and then the optimal output is obtained through the structure of the nonlinear controller. NC can be expressed as follows
where a n1 , a n2 , β 1 , β 2 and b n is the parameter that needs to be adjusted , and b x is a constant. Since the suspension forces obtained in the x-axis and y-axis directions are independent of each other, the design of the ADRC in the y-axis direction is similar to the above deduction [41] .
B. THE SPEED TORQUE CONTROLLER
In BIM, the basic formula of electromagnetic torque is as follows The formula (27) can be deformed into the following forms
According to the theory of ADRC, the first-order TD, the second-order ESO and the first-order NC can be constructed. The second-order ESO is expressed as follows
The first-order NC is shown below
where ω * is the given signal, e z1 is the tracking error, z 1 is the tracking signal of the actual value and z 2 is the observed value of system disturbance. β 04 , β 05 , α 03 , α 04 , d, β 3 , a n3 and b m are the parameter that needs to be adjusted. According to formula (29) and (30), the first-order ADRC block diagram of speed torque as shown in Figure 3 can be established.
V. DESIGN OF BIM CONTROL SYSTEM
The ADRC is applied to the SVM-DTC of BIM to form the control system of BIM. However, in the suspension module, the conventional vector control employs the current-following inverter with the high switching frequency and low inverter capacity utilization. Aiming at the above defects of the vector control, the DSFC algorithm is applied [42] . The control block diagram is shown in Figure 4 . In the above control system block diagram, rotating torque winding module, suspension winding module and air gap magnetic field calculation module are mainly included. Among them, two sets of winding modules are connected by the air gap magnetic field calculation module.
A. SYNTHESIS OF REFERENCE VOLTAGE VECTOR
The current stator flux linkage position ψ sk and torque angle θ are known, and the expected flux linkage position ψ sk+1 can be obtained in the next cycle. By decomposing ψ sr on axes α and β, the following results can be obtained
In order to compensate for this error vector ψ sr , the method of vector synthesis is used to generate an equivalent spatial voltage vector. In the static α, β coordinate system, the following formula can be derived according to the relationship between flux linkage and voltage.
After the discretization, the target reference voltage vectors u srα and u srβ are obtained
where |u sr | and λ are the amplitude and angular position of the reference voltage vector, respectively, and T s is the control period.
B. TARGET SVM
The goal of SVM is to calculate the suitable voltage vector and action time [43] , [44] . The control makes the BIM stator flux linkage reach a given position within a specified time.
In general, the algorithm steps of SVM are as follows 1). Judge the sector where the reference vector is located. 2). Calculate the time of switching voltage vector action.
3). Synthesize PWM signal based on vector action time. Figure 5 shows the relationship between the α, β components of the reference voltage vector and u sr in the sector. After obtaining these two components, SVM can be easily realized.
After determining the sector in which the reference voltage vector is located, the action time of two adjacent voltages and corresponding zero vectors in the sector needs to be calculated. In fact, it has been found that the target vector has a specific relationship with respect to the action time of each vector regardless of the sector. Define as follows
where T s is the sampling period, u dc is the inverter DC bus voltage value. In each sector, it is assumed that the action time of two adjacent composite vectors used for synthesizing the target vector is T x and T y , respectively, and the time at which the zero vector acts is T 0 = T x + T y . The specific values are shown in Table 1 . After obtaining the action time of each sector non-zero vector, PWM waveform modulation can be performed. 
C. BASIC PRINCIPLE OF DSFC
In Figure 6 , λ is the angle between suspension force winding flux ψ s2 and phase A winding axis, µ is the angle between the torque winding synthetic air gap flux linkage ψ m1 and phase A winding axis, λ − µ is the angle between suspension force F and phase A winding axis. The mathematical model of suspension force expressed by flux linkage is
From the above formula, the suspension force is determined by the amplitude and direction of the suspension force winding flux linkage and the torque winding air gap flux linkage. In order to generate stable suspension force of the rotor, both the suspension force winding flux linkage and the air gap flux linkage of the torque winding need to be considered.
Because the mechanical time constant of the motor is much larger than the electrical time constant, the small signal model analysis method can be introduced. Assuming that the rotor position of the motor is fixed in a very small time interval t, the relationship between the radial suspension force vector and the flux linkage vector of the suspension force winding and their relationship with the torque is analyzed. 1). When the motor load torque is constant in steady state operation, the amplitude ψ m1 and phase µ of the torque winding synthesis air gap flux linkage and the angle δ of the torque winding flux linkage and the rotor flux linkage remain constant within t.
2). When the motor is in the dynamic operation of variable torque, ψ s1 and ψ r remain unchanged, and the change of torque is realized by changing the size of δ. Assuming that the electromagnetic torque is increased within a certain range, the angle δ needs to be increased, which inevitably causes the amplitude ψ m1 of the resultant air gap flux linkage of the torque winding to decrease and the phase µ to increase. Meanwhile, the amplitude and phase λ − µ of the rotor radial suspension force also decrease. At this time, the magnitude ψ s2 and phase λ of the suspension force winding flux linkage should be increased to compensate the suspension force. When the electromagnetic torque is reduced, the opposite is true.
In summary, in order to have the stable rotor suspension force, the torque winding synthesizing air gap flux amplitude ψ m1 and phase µ are first accurately computed. Then by controlling the amplitude ψ s2 and phase λ of the suspension force winding flux linkage, the amplitude and direction of the radial suspension force of the BIM rotor can be controlled [45] .
D. DSFC ALGORITHM
The component diagram of the radial suspension force and the winding flux linkage vector is shown in Figure 7 . The variation of the radial suspension force and the winding flux linkage from t to t+1 can be seen from the figure. At time t, the suspension force is F(t). It is assumed that the electromagnetic torque increases T e during time t to time t+1. The phase µ of the torque winding synthesis air gap flux linkage to increase and the amplitude value ψ m1 (t) decrease at time t+1. The amplitude and phase of the changed flux linkage are set to ψ m1 (t) and µ , respectively, the value of the suspension force vector F(t) is changed to F (t), and the phase of the suspension force vector is changed from λ−µtoλ−µ . Real-time calculation of the changed values is carried out. Then, the suspension force is expressed as follows
According to the equations (43) to (46) and Figure 7 , the triangle F(t + 1)OF (t) and the triangle ψ s2 (t + 1)Oψ s2 (t) are two similar triangles. At this point, the angle between vector ψ s2 (t) and vector F (t) is obtained.
Vector ψ s2 (t) is equivalent to vector F(t) rotating µ angle counterclockwise, and the amplitude is 1/k M ψ m1 (t) times the original. In order to compute the quantitative relation between F(t) and ψ s2 (t), it can be obtained by rotating coordinate transformation. Figure 8 is a diagram showing the relationship between the suspension force increment and the flux linkage increment.
It is shown in the figure that ψ s2 (t) is equivalent to F(t), which is converted from αβ stationary coordinates to d-q rotating coordinates by µ of counterclockwise rotation, and its amplitude is 1/k M ψ m1 (t) times the original. Let k F = k M ψ m1 (t), then there is After the coordinate transformation can be obtained as follows
VI. THE VALIDATION OF SIMULATION AND EXPERIMENT

A. SUSPENSION MOTION SIMULATION
In this paper, in order to verify the performance of ADRC controller, the simulation control system of the BIM based on ADRC is constructed and simulated in MATLAB environment. The main parameters of BIM are listed in Table 2 . Then some parameters in the ADRC need to be set. First, in the ESO, the parameters α 01 , α 02 , β 01 , β 02 , β 03 , and d are selected, and higher gains β 01 , β 02 and β 03 can improve the precision and rapidity of the observer. Then, the parameters T , r, and h 0 of the TD are adjusted to make the tracking input faster and the filtering effect better. In the end, the parameters β 1 , β 2 , a n1 , a n2 , and b n of the NC are adjusted. The mass m of BIM rotor is 2 kg, and the setting of ADRC is shown in Table 3 . The comparison of the step responses of the ADRC and PID in the horizontal x-direction is shown in Figures 9 and 10 . The red line is obtained by the ADRC controller, while the blue line is obtained by the PID controller. As can be seen from Figure 9 , the 2-mm step response time is approximately 0.015 s with almost no overshoot and static errors. In order to test the anti-jamming ability 
FIGURE 9.
Step response of ADRC.
FIGURE 10.
Step response of PID.
of the system, when disturbance is applied to the system at 0.25 s, the adjustment time using ADRC is about 0.018 s. Figure 10 shows that compared with ADRC, using PID has larger overshoot and longer adjustment time. The control performance comparison between ADRC and PID is shown in Table 4 . As can be seen from Table 4 , the application of the ADRC controller increases the dynamic performance of the system, effectively suppresses overshoot, and has better robustness and adaptability. Figures 11 and 12 show the radial displacement curves of ADRC and PID. From Figure 11 , the radial displacement of the rotor shaft undergoes a brief oscillation, and the rotor returns to the central position at t = 0.05 s. Compared with the ADRC controller, the radial displacement of the rotor shaft using the PID controller has more severe oscillation, and the rotor returns to the central position for a longer time. Figure 13 shows the rotor suspension path diagram. The offset of the x-axis and y-axis are -2 mm and −2.5 mm respectively. The motion curve approaching the central equilibrium position is spiral. After a short period of time, the rotor returns to the central equilibrium position. It can be concluded that the ADRC strategy proposed in the paper can effectively suppress the radial displacement disturbance of the rotor, shorten the transition time and improve the suspension performance of BIM.
The total disturbance a x of BIM system and the disturbance value x 3 observed by ESO are shown in Figure 14 . The simulation result demonstrates that a x is slightly larger than x 3 at t = 0.25 s, and then the two curves are very consistent, which indicates that ESO has real-time observation disturbance performance. By compensating disturbance, the performance of the BIM control system is enhanced by the ADRC controller. 
B. SPEED TORQUE CONTROLLER SIMULATION
The ADRC controller is designed for the speed loop in this paper. The specific parameter settings are shown in Table 5 . The BIM model is simulated by the ADRC controller and the PID controller respectively. The comparison of the speeds is shown in Figures 15-17 . Figure 15 shows that the ADRC controller is used to effectively eliminate the overshoot of the speed and achieve good dynamic performance. Figures 16 and 17 are comparisons of the speed variation curves of the BIM system when the disturbance is suddenly added at 0.25 s. It can be seen from Figure 16 that when the speed reaches stability, the disturbance is applied at 0.25 s, and the speed curve has a slight abrupt change, but it quickly reaches the stability again, indicating that the system using the ADRC controller has strong anti-jamming. Compared with ADRC, the speed curve of PID has the bigger abrupt change when sudden disturbance occurs, which indicates that the anti-jamming performance of the control strategy is relatively poor. The BIM control system using ADRC solves the problem of speed overshoot, and has strong robustness in case of load disturbance.
Figures 18-20 are the speed and flux linkage curve of the designed BIM system. Figure 18 shows the speed output characteristic curve of the BIM. The given motor speed is 3000 rad/min. When the speed is increased to 3600 rad/min, the steady state can be reached in a short time, indicating that the system using ADRC controller has good dynamic performance. Figures 19 and 20 are stator and air gap flux linkage waveforms with external disturbances applied at t = 0.25 s. It can be seen from Figure 19 that the external disturbance has little effect on the stator flux linkage of the BIM. Figure 20 illustrates that the air gap flux linkage has a short transition time and small fluctuations when the load changes. It is further demonstrated that the ADRC controller has superior anti-interference ability and adaptability.
C. THE EXPERIMENTS RESULTS AND ANALYSIS
In order to further verify the effectiveness of the strategy, an experimental platform based on ADRC for the direct torque and suspension force control system is established using a laboratory-designed BIM experimental model. The experimental platform of BIM is shown in Figure 21 . The comparison of speed mutation response based on PID and ADRC is shown in Figures 24 and 25 . The given speed of the BIM is 1500 rad/min. When the speed is increased to 2800 rad/min, the system using the ADRC controller can reach stability in a shorter time. It indicates that the BIM system using ADRC controller has good dynamic performance. 
VII. CONCLUSION
To express the multi-variable, non-linear and strong coupling characteristics of the BIM, the DTC and DSFC system based on ADRC is designed in this paper. The ADRC strategy is used to estimate the integrated disturbance of the control system, and the ADRC controller for BIM is designed to strengthen the control performance. Therefore, the suspension force direction ADRC controller and the speed loop ADRC controller are designed and applied to the BIM control system. It can be concluded that the ADRC controller can effectively suppress the overshoot, reduce the transition time, and have strong robustness to parameter changes and load disturbances. The dynamic performance of the entire system is enhanced, which brings out the superiority of the ADRC controller. In addition, it is worth mentioning that the ADRC controller can be designed independently, and the control strategy can also be used in other bearingless motor fields. 
